The ruminal selenomonad strain H18 grew rapidly (FL = 0.50 h-1) in a defined medium containing glucose, ammonia, purified amino acids, and sodium (95 mM); little if any ammonia was utilized as a nitrogen source. When the sodium salts were replaced by potassium salts (0.13 mM sodium), there was a small reduction in growth rate (IL = 0.34 h-1), and under these conditions >95% of the celi nitrogen was derived from ammonia.
S. ruminantium requires less sodium than other ruminal bacteria (2) , but the nature of this sodium requirement was not well defined. Michel and Macy (24) reported that S. ruminantium HD4 had a sodium-dependent succinate efflux system that could serve also as a succinate uptake mechanism, but recent studies indicated that succinate transport was coupled to protons rather than sodium (35) . In Propionigenium modestum, succinate decarboxylation is catalyzed by a membrane-bound methyl-malonyl coenzyme A decarboxylase which is able to translocate sodium electrogenically across the cell membrane (8) . Melville reported that the methyl-malonyl coenzyme A decarboxylase of S. ruminantium was membrane bound, but they were unable to show that this reaction was sodium dependent.
The following experiments examined the effects of sodium on the growth, amino acid transport activity, succinate metabolism, and intracellular pH of a newly isolated strain of S. ruminantium.
MATERIALS AND METHODS
Cell growth. Strain H18 was isolated from the bovine rumen as described previously (35) . The defined medium contained the following (per liter): 292 mg of K2HPO4, 292 mg of KH2PO4, 480 mg of Na2SO4, 480 mg of NaCl, 100 mg of MgSO4 7H20, 64 mg of CaCl2 -H20, 530 mg of NH4Cl, 600 mg of cysteine, 4 g of Na2CO3, 1 mM valerate, 500 mg of purified amino acids (composition approximating Casamino Acids [Difco Laboratories, Detroit, Mich.]), microminerals (7) , vitamins (7), and 11 mM glucose. The sodium-deficient medium had only potassium salts (Na2SO4, NaCl, and Na2CO3 were replaced by K2SO4, KCl, and K2CO3, respectively). Purified amino acids and NH4Cl were omitted from nitrogen-free medium. The medium pH was adjusted to 6.7 with NaOH or KOH, the gas phase was 100% CO2, and incubations were at 39°C.
Transport assays. Stationary-phase cultures (11 mM glucose; 10 ml) were harvested by centrifugation (2,000 x g, 22°C, 5 min), washed twice with anaerobic buffer (50 mM K2HPO4, 10 mM MgCl2, pH 7.0), and resuspended with 200 [lI of the same buffer. Transport assays were conducted under nitrogen (200 RI of buffer with 30 to 40 ,ug of protein).
Cells were energized for 5 min with 22 mM glucose, and uptake was initiated by the addition of radiolabeled amino acids (100 nCi; 0.98 to 4 ,uM final concentration). Transport was terminated by the addition of 2 ml of ice-cold 100 mM lithium chloride and filtration through a 0.45-pum nitrocellulose membrane filter. Filters were washed with 2 ml of LiCl and dried (105°C, 20 min), and radioactivity was determined by liquid scintillation.
Proton motive force (Ap) determinations. An acid distribution method was used to determine intracellular pH (27 Analyses. Succinate and volatile fatty acids in culture fluid were measured by high-pressure liquid chromatography (Beckman model 334 liquid chromatograph; Bio-Rad HPX-87H organic acid column; 0.13 N H2SO4, 0.5 ml/min; 50°C; 20-,ul sample). Lactate was measured by using lactate dehydrogenase (14) . The sodium concentration in media was determined by atomic absorption spectrophotometry (Perkin-Elmer, Norwalk, Conn.). In all experiments, the sodiumcontaining media contained 92.5 mM sodium, while the sodium-deficient media contained 130 puM sodium. Protein was determined by the method of Lowry et al. (20) g/liter) and ammonia (10 with potassium and diluted 50-fold into sodium phosphate to create an artificial membrane potential (A*) and a chemical gradient of sodium (ApNa), rapid aspartate uptake was observed (Fig. 3) . When the cells were loaded with potassium plus sodium and diluted into sodium (AqI, no ApNa) or loaded with potassium and diluted into potassium plus sodium (ApNa, no A*p), there was little aspartate accumulation. Similar results were noted for serine transport (data not shown).
Succinate decarboxylation. Glucose-grown cells accumulated large amounts (64% of dry weight) of polysaccharide, and this material was converted to acetate and propionate when the glucose was depleted (Fig. 4a) . When the cells were washed and incubated in nitrogen-free medium which lacked sodium, however, succinate accumulated (Fig. 4b) . Washed cells converted exogenous succinate stoichiometrially to propionate, but succinate was not decarboxylated when sodium was omitted (Fig. 5) .
Ammonia utilization. When ammonia was the sole nitrogen source (10 mM), H18 grew slower (,u = 0.17) in the sodium medium than in the sodium-deficient medium (,u = 0.35; data not shown). This depression in growth rate could not be alleviated by even high concentrations (100 mM) of ammonia. The difference in growth rate could not be explained by changes in intracellular pH, A4, or Ap (Table 2) .
Intracellular pH regulation. Washed cells energized with glucose and incubated at pH 6.7 had an intracellular pH which was only slightly higher than the extracellular pH (Fig. 6a) . As the extracellular pH was decreased, there was an increase in the pH gradient, but intracellular pH still declined. The increase in ZApH was associated with a decrease in membrane potential (Fig. 6b) . The total zvp ranged from -80 to -115 mV and was maximal at an extracellular pH of 6.0. The replacement of sodium with potassium had little effect on ApH, A4i, or Ap.
DISCUSSION
It is often difficult to establish sodium requirements of bacteria because a small amount of sodium can be derived from laboratory glassware. Sodium contamination can be avoided with plastics, but plastics are often oxygen permeable and thus are not suitable for strict anaerobes. It is now known that some methanogenic (25) and acetogenic (40) organisms have a strict sodium requirement. Previous work indicated that S. ruminantium was unable to grow when the sodium concentration was <1.5 mM (2), but H18 was able to grow on glucose and ammonia even though our sodiumdeficient medium had approximately 100 ,uM sodium. Because cells grown in sodium-deficient media derived nearly all of their bacterial protein nitrogen from ammonia ( Fig. 1) , it appeared that amino acids could not be utilized in the absence of sodium. When amino acids were the sole nitrogen source, growth was not observed in the absence of added sodium (data not shown). Small additions (0.25 mM) of sodium to sodium-deficient medium permitted the organism to use amino acids as a nitrogen source, but the growth rate was reduced by large additions (>50 mM) of sodium chloride (data not shown). This decrease in growth rate was probably related more closely to osmotic strength than to sodium concentration because cells grew rapidly in the basal sodium-containing medium, which had 92.5 mM sodium.
The idea that amino acid utilization was sodium dependent was corroborated by transport studies. Glucose-energized cells took up aspartate, glutamine, lysine, phenylalanine, serine, and valine only when sodium was present. An artificial Atp together with a chemical gradient of sodium allowed H18 to take up aspartate, but an artificial Aif alone was unable to drive transport even when sodium was present (Fig. 3) . To establish a Atj without creating a chemical gradient of sodium, cells were loaded with both potassium and sodium and diluted into sodium phosphate. Previous results with an amino-acid fermenting ruminal bacterium indicated that intracellular sodium inhibited glutamate and (5) . Similar inhibition of amino acid transport (sodium-dependent proline uptake) by intracellular sodium has been observed in Escherichia coli (39) . A chemical gradient of sodium alone was also unable to drive aspartate accumulation by H18, but the absence of transport may have been related to the high concentration of extracellular ions (potassium-loaded cells diluted into potassium plus sodium). Succinate transport by strain H18 was also inhibited by increasing osmotic strength (35) .
H18 could utilize ammonia as the sole nitrogen source, but the growth rate was much slower in the sodium-containing medium (data not shown). Many bacteria assimilate ammonia via passive diffusion (16) , but ammonia diffusion into bacteria would be impeded by an alkaline intracellular pH. However, differences in intracellular pH could not account for the inability of H18 to grow rapidly when ammonia was the sole source of nitrogen ( Table 2 ). Since even high concentrations of ammonia did not stimulate growth, it did not appear that the affinity for ammonia was the limiting factor. The relationship between sodium and ammonia assimilation is unclear.
In 1974, West and Mitchell presented evidence that E. coli had a sodium/proton antiporter (38) , and antiport activity has been demonstrated in a variety of bacteria (17) . Sodium/ proton antiporters could theoretically be used to prevent a decline in intracellular pH (acidic environments), but they more often serve as a means of acidifying the cytoplasm (alkaline environments) (1). When H18 was incubated at low pH, the presence of sodium had little if any effect on intracellular pH. Based on these results, it did not appear that sodium was playing a significant role in intracellular pH regulation.
Many bacteria (e.g., E. coli) maintain a relatively constant and near-neutral intracellular pH. Fibrobacter (Bacteroides) succinogenes was unable to grow at pH values of <6.0 and it maintained an intracellular pH of >6.5 (26) . Streptococcus bovis, an acid-tolerant ruminal bacterium, grew at pH 4.7, and at this pH the intracellular pH was only 5.4 (30) . S. ruminantium was not as pH tolerant as Streptococcus bovis (29) , but strain H18 also allowed intracellular pH to decline (Fig. 6a) . A decline in intracellular pH may protect bacteria from the toxic effects of volatile fatty acids. Organisms which maintain a large ApH will accumulate high concentrations of volatile fatty acid anion (28 involving proton symport (35) . S. ruminantium produces propionate and acetate when the growth rate on glucose is slow or only lactate is provided (26, 32) . Propionate is produced by a pathway which includes a membrane-bound methyl-malonyl coenzyme A decarboxylase (23) . In Propionigenium modestum (12) and Veillonella alcalenscens (11) , the methyl-malonyl coenzyme A decarboxylase serves as an electrogenic sodium pump. Melville et al. (23) noted that the methyl-malonyl coenzyme A decarboxylase of S. ruminantium was membrane bound, but they were unable to demonstrate a sodium dependency.
Wallace (37) noted that S. ruminantium accumulated significant amounts of intracellular glycogen reserves, and glucose-grown H18 cultures also had large amounts of polysaccharide. When washed cells of H18 were incubated without an energy source, propionate and acetate were the end products (Fig. 4a) , but succinate accumulated when sodium was omitted from the medium (Fig. 4b) . Washed cells decarboxylated exogenous succinate at a rapid rate, but little succinate disappeared in the absence of supplemental sodium (Fig. 5) . Since succinate uptake was coupled to protons rather than sodium (35) , the failure of cells to-utilize exogenous succinate could not be explained by a lack of transport. These results indicated that succinate decarboxylation was indeed sodium dependent. Because cells incubated in sodium-deficient medium were still able to produce some propionate (Fig. 4b) 
